3 8
We find that an allele of large effect already segregates within this population, 1 3 9
which is detectable only at higher levels of exposure. In addition, we show 1 4 0 that phenotype to transcriptome associations reveal a completely different set for larval survivorship on six doses of chlorantraniliprole (Fig. 1A) . The broad- Change in genetic architecture with respect to dose is also illustrated when 1 7 4 2R:11853686 is examined at other dose phenotypes where it is not 1 7 5
associated with a detectable increase in survivorship (Fig.1C ). To account for the fact that the strong effect of Strn-Mlck variation may be 1 7 8
influencing other GWAS associations, we fitted the effect of Strn-Mlck to the 1 7 9
chlorantraniliprole LD 50 data and ran a GWAS on the corrected phenotype. The gene with the most highly associated variants after Strn-Mlck in the Mlck (Fig. 2B, Fig. S2 ). 10 genes, five with GWAS associations, out of a total of 53 genes with 1 9 7 annotated function, of which 7 could be mapped to a reference network 1 9 8 previously described in KEGG (p=0.005; Fig. S3 ). Three GWAS-associated factor Cap 'n' collar (cnc) and following exposure to phenobarbital ( Fig. 3; 35 can be identified, that attributable to cnc regulation, and the CNV at the locus. of RFLP assays showed that this haplotype was significantly enriched in The involvement of Cyp12d1-p was tested using the GAL4-UAS system and 2 3 7 the 6g1HR-GAL4 driver (36); flies overexpressing Cyp12d1-p in key metabolic 2 3 8 tissues were 2.2-fold more tolerant to chlorantraniliprole than controls ( Fig. 4 ).
3 9
This system was also employed to test cross-resistance to the closely related overexpressing Cyp12d1-p was significantly increased relative to controls 2 4 2 (p<0.05, two tailed t-test assuming unequal variances), suggesting that the 2 4 3 enzyme acts on chemical moieties that the two insecticides have in common. distinguished) were quantified after larvae from a laboratory strain (Canton-S) chlorantraniliprole-susceptible RAL-399) were exposed to chlorantraniliprole, Cyp12d1 transcript levels were increased significantly following exposure to 2 5 7 phenobarbital and caffeine, but not following exposure to chlorantraniliprole or doses. This is a consequence of the increasingly non-normal distribution of 2 7 0 the survivorship among lines as dose increases and reflects the statistical 2 7 1 mechanics and distribution assumptions of GWAS, and the degree of linkage 2 7 2 disequilibrium around associated variants at lower frequencies. We addressed dose resistance is far more polygenic, with very few of the top associations
showing strong LD relationships. There is also a loss of explanatory power at which is likely to be more prevalent with a greater level of polygenicity, is 2 8 6 playing a role (38). effect. This genome-wide and unbiased approach was confirmed by two 2 9 1 methods: RNAi-knockdown supports the potential of this gene to contribute to 2 9 2 the trait, and linkage mapping indicates that a naturally occurring variant of Strn-Mlck is highly complex, with a total of 33 exons, three start sites and 2 9 6 three poly-A sites, leading to sixteen predicted isoforms. Myosin light chain 2 9 7 kinases (MLCKs) are serine/threonine kinases whose substrate is the myosin Transcriptomic associations identify a known detoxification pathway.
Underscoring the power of the systems approach that is afforded by the been found to be regulated by cnc (35), a transcription factor well conserved The constitutively up-regulated cnc-regulated transcripts identified in the 3 2 7
DGRP include potential detoxification enzymes including two cytochrome 3 2 8
P450s (Cyp12d1, Cyp6a8) , a juvenile hormone epoxide hydrolase (Jheh1), and its tandem paralog, Jheh2 in response to oxidative stress, conferring 3 3 4 increased resistance to the organophosphate insecticide malathion. Cyp12d1 induction has been associated with exposure to multiple xenobiotics, assumed that the duplication is a recent event (49), and the two copies our qPCR results suggest that this difference is also observed in larvae. As the transcription output of a gene can be affected by numerous variants, 3 5 3
including rare variants, genes that are missed in the GWAS may be identified 3 5 4 by phenotype to transcriptome associations. Given that the transcriptome 3 5 5
analysis implicated Cyp12d1 we examined its position in all the datasets more 3 5 6
carefully. We identified two cis-eQTL of Cyp12d1 (2R:6994376 and respectively. Both these variants are in LD with the duplicated state of also report a trans-eQTL for Cyp12d1 occurring in sli, the gene that ranks The observation that an eQTL for a cnc-regulated gene maps to a region 3 6 7 strongly implicated in the GWAS is intriguing. This study raises the possibility 3 6 8 that there is a link between muscle function as implicated by the GWAS, and 3 6 9
the oxidative stress pathway as implicated by the transcriptome associations. There is some support for this in the literature; mutations in LamC, a LD 50 Conclusions. Here we set out to explore the genetic architure underlying a 3 7 6
completely novel insecticide chemistry for which there was no expected 3 7 7
adaptive precedence because the population sample was collected before 3 7 8
chlorantraniliprole was deployed in the field, and is therefore completely naïve 3 7 9
to this insecticide and indeed all of the insecticides in the new anthranilic standing variation in a population is relevant to a future selective agent. Drosophila melanogaster is not a pest insect but it is common in orchards 3 9 2
where these new insecticides are being applied. It may therefore be thought at Strn-Mlck or the loci we identified here, then this may be attributed to the 3 9 5 use of these new insecticides. Given the precedent for the involvement of the which cause the constitutive activation of this regulatory hub present the 3 9 8 greatest concern.
3 9 9 4 0 0 1 9 dispersed in water to make a stock solution of 100μg/ml chlorantraniliprole.
Materials and Methods

1 0
Chlorantraniliprole was administered through cornmeal-yeast-agar fly media.
1 1
Insecticide was added to the media once it had cooled below 55°C. Food dye This was done in triplicate for each line on each dose. A total of six doses for each DGRP line were used in the initial screens (0.5, 4 2 2 1, 2, 3 4 and 5μg/ml), with a number of lines having to be re-screened on 4 2 3 higher doses (6, 8 and 12μg/ml) in order to accurately determine the LD 50 . Survivorship was scored strictly eleven days after picking, with survivors being 4 2 5
defined as any fly that successfully eclosed. For calculation of LD 50 s for both DGRP and transgenic lines, linear models 4 2 8
were fitted to dose-mortality data on a log-probit scale using 'glm' in the R Overexpression of Cyp12d1-p. Cyp12d1-p was overexpressed using the 5 0 7 GAL4/UAS system (62) and the 6g1HR-GAL4 driver described by Chung et water). Control plates were untreated. Larvae were allowed to feed for four 5 1 8
hours before being suspended in Trisure (Bioline) and snap frozen in liquid 5 1 9
nitrogen for storage at -70°C. RNA was later extracted following the standard 
